ABSTRACT Following treatment with ultraviolet radiation, human red cells leak cations at accelerated rates which depend on the radiation dose. With one exception (initial Na efflux), these accelerated cation fluxes fit the Ussing flux-ratio criterion for passive diffusion. Na efflux is transiently high, but with time falls to the value expected on the basis of the other cation fluxes. An equation based on the hypothesis of colloid osmotic hemolysis satisfactorily predicts the rate of cell swelling as a result of these ion movements.
This paper describes the quantitative interrelationships of ion and water fluxes through human erythrocyte membranes following exposure of the cells to ultraviolet (UV) radiation as a lytic agent. The study had a twofold purpose. First, UV radiation studies have frequently neglected alterations in ion permeability of cells even though these may be decisive to cell survival. For the study of permeability changes independently of other UV effects (e.g. DNA damage) the non-nucleated mammalian erythrocyte is a favorable cell. The second, and principal, objective was to examine quantitatively the hypothesis of colloid osmotic hemolysis, which mechanism is thought to underlie the action of a number of hemolytic agents including UV radiation.
Normal erythrocytes are in a steady state with respect to cation fluxes across their cell membranes, cations leaking along electrochemical gradients being balanced by cations actively transported against these gradients (19) . Many lytic agents are thought to alter membrane permeability so that the normally small cation leaks are increased toa point atwhich they can no longer be counterbalanced by the transport systems. In this circumstance, the ion distributions change from those of the normal steady state toward those of GibbsDonnan equilibrium. In the transition, there is a net increase in salts and water within the cell, with concomitant cell swelling to a critical volume at which lysis occurs. Because of the importance of intracellular colloids, par-719 ticularly hemoglobin, in establishing the Gibbs-Donnan equilibrium, the process has been termed "colloid osmotic hemolysis" (22) . That red cells become highly cation-permeable after treatment with various lytic agents has been well documented (5, 10, 12 , and others). Nevertheless, a causal relationship between ion movements and the hemolysis process has been questioned on quantitative grounds (14) .
For investigation of this relationship, UV as a lytic agent has the advantage that the radiation can be stopped at will, whereas chemical agents in solution continue to react with cells while lysis is under way and even afterwards. With UV it is easily possible to separate the production of the primary lesion from subsequent events leading to hemolysis. If per cent hemolysis is plotted as a function of time after irradiation, the hemolysis rate may be measured either by the slope of the linear portion of the hemolysis curve or by the reciprocal of the time to some convenient point on the curve. Previous work (1, 3) has shown that this hemolysis rate is independent of the dose-rate (intensity) of the radiation, but is directly proportional to the square of the total radiation dose, implying a two-quantum hit in the primary photochemical process. Further, the hemolytic volume of irradiated cells is the same as that of normal cells swollen in hypotonic solution. The mechanism proposed for colloid osmotic hemolysis requires that the rate at which cells approach the critical volume be determined by the fluxes of ions and water. It will be shown below that there is a direct relationship between UV dose, ion fluxes, and hemolysis rate, and that, knowing only initial ion concentrations and the postirradiation rate coefficient for one of the ion fluxes, it is possible to predict the rate of cell swelling.
MATERIALS AND METHODS
Venous blood from healthy human adults was collected in heparinized syringes and centrifuged; the plasma and buffy coat were removed. The remaining erythrocytes were washed five times in the solution in which they were to be irradiated. Solutions of 0.17 M NaC1, 0.17 M KC1, and 0.12 M MgC12 (which are all isotonic) were used alone or in appropriate mixtures as specified for irradiation and incubation media. All solutions were lightly buffered (5 per cent of total osmotic concentration) to pH 7.4 with tris (hydroxymethyl) aminomethane/HC1. Except when preincubation was used for isotopic labeling of the cells, all solutions contained 10 -5 M/liter strophanthidin (Bios) to reduce "active" cation fluxes to a minimum (16) , and 1 mg per cent chloramphenicol sodium succinate (Parke, Davis) to inhibit bacterial growth. K 4 2 and Na 2 4 were obtained from Brookhaven National Laboratory. I 1 4-labeled serum albumin was obtained from Abbott Laboratories and freshly dialyzed prior to use.
In some experiments the cells were labeled by adding 25 ml of whole blood to 50 ml of a mammalian Ringer's containing 100 mg per cent glucose and about 200 uc of the desired isotope. The mixture was incubated overnight at 37 0 C with constant agitation and the cells were washed the next day immediately prior to use.
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For irradiation, 1 volume of cells was made up to 25 volumes with the desired medium (usually NaCl-tris) and the suspension was placed in Vycor test tubes made of Corning No. 7910 glass which has a UV transmittance greater than 70 per cent at 254 mu. The ultraviolet source was a low pressure mercury arc (Engelhard Industries, Newark, N. J.) with more than 90 per cent of the ultraviolet output in the 253.7 mE/ line. The energy flux from this line striking the surface of the tubes was approximately 5 X l0 s ergs cm-2 sec.-'. Due to the geometry of the tube and the density of the cell suspension, the average energy flux incident upon a given red cell is calculated to have been about 1 per cent of that figure.
For ion efflux determinations, labeled cells were irradiated and aliquots of the suspension were taken at suitable intervals thereafter. Each aliquot was centrifuged, the supernatant removed, and the cells immediately resuspended and washed in ice cold medium; the time of addition of cold medium was taken as the end point. The first supernatant and the washed cells were transferred into appropriate flasks for counting of radioactivity and/or determination of total ion content by flame photometry. For influx determinations, the isotope of the ion to be studied was added immediately after UV irradiation; in all other respects, sampling was carried out as before.
In some experiments, the cells were suspended in buffered NaCl solutions. With no K initially in the medium, the K efflux from the cells could be measured flame photometrically. With the addition of Na 24 in such experiments, it was possible to relate K and Na fluxes on each sample.
Fluxes were calculated from the "unsteady state" equations of Sheppard and Martin (17; see also 20):
where MB represents the influx of cation B in milliequivalents per(liter cell H 2 0 X hour), Xm and Xc, are the specific activities of the isotope in the medium and cells respectively, and [B] , the concentration of cellular cation expressed in milliequivalents per liter cell H 2 0. The efflux is given by°M
The rate coefficients for the movement of B, for influx and efflux respectively, are expressed:
[B], Cell volumes were determined by one of two methods. In the first, 100 /1 of packed cells were diluted to 50 ml with distilled water. The optical density of the hemoglobin, which was inversely proportional to cell volume, was determined spectrophotometrically at 540 mt. Correction for trapped plasma was made by adding radioiodinated serum albumin to the original suspension and comparing the radioactivity of the 72I packed cells to that of the supernatant fluid. The second method of volume determination, calibrated against the first, was to measure the optical density at 660 m/a of suspensions initially made up to 0.2 volume-per cent cells. At this cell concentration and wavelength, hemoglobin absorption is negligible. The apparent absorption is due to scatter by the cells and is inversely related to cell volume.
Suspensions were stirred throughout; all experiments were run at 24 0 C.
RESULTS
The procedure for a typical experiment was to wash erythrocytes repeatedly in a lightly buffered, isotonic salt solution (usually NaCl), to irradiate a dilute suspension of the washed cells, and to sample at appropriate intervals thereafter. The parameters measured were: (a) permeability to small anions; (b) permeability to K and Na; and (c) cell volume changes.
Permeability to Small Anions
In normal erythrocytes, the permeability to chloride is about 108 times that to Na and K (18) , and it will be essential to the ensuing argument that, after irradiation, the chloride permeability remain high relative to the small cation permeability. This point was tested by comparing the permeability of irradiated and non-irradiated erythrocytes to NH 4 C1, since NH 4 C1 penetration is a function of anion exchanges which can be accelerated by the addition of bicarbonate (9) or delayed by agents which inhibit anion permeation (6) .
Cells in isotonic NaCl were treated with a UV dose such that the subsequent K efflux coefficient was approximately 2 hr.-' (about 1000 times greater than the controls; see 2 a below). The cells were then spun down and resuspended at a concentration of 0.2 per cent (vol/vol) in 0.17 M NH 4 Cl, with or without the addition of small quantities of NaHCO 3 . Unirradiated cells were treated in the same way. Hemolysis time, as a measure of permeation of NH 4 Cl, was determined by the clear appearance (as viewed through the suspension) of a slit placed between the suspension and a light source. The results are given in Table I . (In the time required for these experiments, neither irradiated nor unirradiated control cells in NaCl-tris underwent any detectable hemolysis.) It is clear that there is no significant or systematic difference in the NH4C1 permeability of irradiated as compared to unirradiated cells; hence, UV irradiation does not appear to cause any significant alteration in red cell permeability to small anions.
Permeability to K and Na
A. POTASSIUM EFFLUX Fig. 1 shows the loss of K from cells which were irradiated in NaCl-tris solution. The three curves resulted from three UV doses, as noted in the legend; zero time was taken at the end of irradiation. Measurement of K effiux either by chemical or isotopic determination of K released into the medium from prelabeled cells yielded identical results, a fact which indicates that the intracellular K was distributed in a single, uniformly labeled compartment. At zero time, irradiated cells have already lost a fraction of their initial potassium content. During the postirradiation period, further loss of K follows the first-order relationship:
where [K] , is the cellular potassium concentration at time t and [K]co is the initial potassium concentration; okx is the rate coefficient for K efflux and is the same as given in equation (3).
In these experiments, the change in concentration of K in the medium was determined and [K], was calculated on the basis of cell volume remaining constant during this time. Table II , combining data from several experiments, shows that irradiated cells maintain their initial volume until the cell K concentration falls to about 30 per cent of its initial value. The fluxes with which this paper is concerned were measured during this period. Later in the experiment the cells start to swell slowly. A detailed consideration of the volume changes will be given below (section 3). A typical control value for K effiux from unirradiated cells is also given in Table II . In most experiments, the control efflux was 1 or 2 per cent of the experimental, and has been considered negligible.
It can further be seen from Fig. 1 that the slope of the efflux curve (= k,) increases with the radiation dose. The relation between rate coefficients (k)l/ (°kx)2 resulting from two radiation doses D 1 and D 2 is shown in Fig. 2 , which combines the data from a number of experiments. Here the logarithm of the rate-coefficient ratio is plotted against the logarithm of the corresponding dose ratio. A slope of 2 is found over a fivefold range of UV doses, showing that the rate of K loss is proportional to the square of the UV dose, as is also true for the rate of hemolysis (1). The square relationship between UV dose and ion flux was found to hold for all the ion fluxes studied, and, hence, these fluxes were all directly proportional to the K efflux. Consequently, in subsequent discussion, the K efflux coefficient, okK, will be used to indicate the magnitude of the UV lesion.
B. POTASSIUM INFLUX
In the experiments to be described in this section, aliquots from a UV-irradiated cell suspension were placed in a series of incubation solutions containing various concentrations of potassium, [K]m,, to the equimolar exclusion of Na. The influx of K42 was determined as described above and plotted as a function of [K]m . Two such plots, from experiments at different radiation doses, are shown in Fig. 3 . According to equation (3) , the slope of these curves is the rate coefficient for K influx after a given radiation dose. It is evident that this coefficient increased with in- (Table III) .
Ussing (21) has shown that if only passive diffusion is operative in a system, the flux ratio for monovalent cations may be written: 
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where 'MB and °Ma are respectively influx and efflux of monovalent cation B, the concentration subscripts m and c stand for medium and cell water compartments, E is the membrane potential, while F, R, and T have their usual meaning. For red cells one may assume that chloride is distributed at thermodynamic equilibrium (7), hence Table III . Since there has been no volume change during the time of these measurements, [C1],/[Cl], is assumed not to have changed in these irradiated cells, and it is concluded that the movement of K is passive.
C. SODIUM INFLUX Fig. 4 shows a plot of Na influx vs. extracellular sodium concentration, [Na],, in which case osmolarity was maintained with MgCl . The slopes of the curves are the rate coefficients for Na influx (equation 3).
The ratio of rate coefficients for Na influx to K efflux remained approximately 0.7 in all experiments where this ratio was determined (Table IV) , even though the fluxes themselves varied widely from experiment to experiment (depending on the UV dose). It follows from equation (7) that the ratio of rate coefficients for one ion, ikB/ok,, as defined in equation (3) is equal to the chloride ratio (Cl),/Cl). Hence, for the passive diffusion of K,
This relationship has been used in the right hand column of Table IV to determine the ratio of Na/K influx rate coefficients, which is about 0.5. In subsequent discussion we shall designate this ratio a'. D. SODIUM EFFLUX The rate coefficients of the fluxes described so far have all been reasonably constant in time, following a given UV lesion. The effiux of Na from irradiated cells, however, shows a different pattern. In Fig.  5 the ratio of Na/K outward rate coefficients is plotted against the log of the fraction of the initial K still retained by the cells. (These units, which are proportional to time in any single experiment, are used on the abscissa since they make possible the comparison of several experiments proceeding at very different rates.) The rate coefficient of Na effiux is initially high, but with time falls below the corresponding outward rate coefficient for K. In several experiments this kN,,/ok ratio was observed to fall to about 0.5, which corresponds to the value of a determined in the previous section. The ratio appears to level off at around this value, but the onset of swelling and hemolysis made measurements at the later stages unreliable.
The implication of such data is that Na24 is not distributed in a single uniformly labeled compartment. Clearly, the Na which enters the cells after irradiation is not mixing with the fast compartment, since the rate coefficient for the efflux of Na falls rapidly as more and more Na enters.
[Na], is in any event initially small in human red cells and the compartment showing the high rate coefficient is either soon emptied or becomes a negligibly small fraction of the total as [Na], increases. To assume that the Na which is so rapidly entering the cells after irradiation is able to leave the cells with a different rate coefficient would be to assume some special mechanism for which Table IV) as would be expected in a system where only passive diffusion is operative. Hence, these ratios designated ar', are taken to be equal and to have an experimentally determined value of 0.5.
Prelytic Volume Changes after UV Irradiation
Following UV treatment, erythrocytes maintain their normal volume for a certain period of time, then swell, and eventually hemolyze. A representative swelling curve is shown in Fig. 6 . According to the mechanism proposed for (okK) gives sufficient information to calculate swelling rate at a time later in the experiment.
The fundamental relationship is
where dV/dt is the rate of change of cell volume, C the osmotic concentration of the medium in milliosmoles per liter, a an osmotic coefficient, and the terms in the parentheses are cation fluxes. Each cation is associated with an anion, the anion being C1 in these experiments with washed cells; together these form a salt with osmotic coefficient a. In this formulation, the approximation 1.1
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_ _ has been made that the osmotic coefficients for NaCl and KC1 are equal (with a value of 1.85); the approximation greatly simplifies the calculations and introduces an error of less than 1 per cent. It is assumed that chloride is at thermodynamic equilibrium throughout, and that there is no significant movement of any solute other than the small ions. Water is also assumed to be at equilibrium throughout; the constant C relates the movement of water to the solute fluxes. From equation (8) and the definition of a r given in the previous section, the rate coefficients for the passive movement of cations are related to o°k (10 ) 'kNa = a °k.
[C]h (11) [Cl],
The validity of these relationships will be considered below. Since the cation fluxes may be expressed as the product of these rate coefficients and the relevant ion concentrations, equation (9) may be rewritten:
This is the desired equation, which expresses the rate of cell swelling in terms of concentrations and the rate coefficient for one ion flux. The equation has been tested by irradiating a population of cells whose ionic composition was known, determining °kK as in section 2 a (above), and measuring cell volumes for a period of time thereafter (as in Fig. 6 ). The rate of swelling was then calculated for V/VO = 1.1 by substituting the appropriate values into equation (12) . These values were obtained by (a) calculating [K] , at this time in the experiment from equation (4); (b) assuming that the K lost had been replaced by Na; and (c) assuming that the increased volume was made up of isosmotic NaCl. The calculated rate of swelling was compared with the measured value obtained by drawing a tangent to the swelling curve at V/Vo = 1.1. The results of three experiments of this kind are given in Table V , where a close correspondence between predicted and measured swelling rates is evident.
DISCUSSION
Some of the assumptions inherent in the derivation of equation (12) First, the chloride ratio has been taken as a measure of the membrane potential. In normal red cells this may be justified by the very high chloride permeability (PC 1 ) relative to the cation permeability (PNa or PK), the ratio PCI/Px being about 106 in normal cells (18) . In the experiments reported here, P. was increased several hundredfold by the radiation doses used (Table  II) , while the Pcl seems to have been little affected (Table I) . Hence PCI/PK is still 103 or greater. It seems reasonable to conclude that chloride remains at or near thermodynamic equilibrium throughout, and that the chloride ratio remains a valid measure of the membrane potential.
Second, the rate coefficients from equations (8), (10) , and (11) are assumed to be independent of time, which is certainly not true of the early Na effiux. Hence equation (12) is not valid until the ratio okN,,/ok has stabilized. This occurs at about the same time as the onset of cell swelling. Finally, it is assumed that the rate coefficients are independent of ion concentrations and that the Ussing equation holds throughout. The first order loss of K from irradiated cells into a large K-free medium indicates that o°k is independent of [K] , and that there is no significant component of exchange diffusion under these conditions. The increasing magnitude of ikK with [K]m and the applicability of the flux-ratio equation at high [K] indicate that either a large exchange diffusion component appears with extracellular K, or that the extracellular K acts chemically to alter the state of the membrane. Although the latter possibility seems the more likely, equation (12) was in any case tested under conditions where [K]m was negligible. ikNa seems clearly to satisfy the criterion for concentration independence (Fig. 4) . The variability of ok,, has been discussed.
Apart from this early efflux of labeled Na, the Na fluxes have rate coefficients about 0.5 times those for the corresponding K fluxes, regardless of the absolute magnitudes of these fluxes. The ratio of the mobilities of these ions in aqueous solution is 0.69 (15) . A possible interpretation of these data is that the radiation opens diffusion pathways for small cations, but that such path-ways cannot be considered large holes which allow relatively unrestricted movement of the ions. As the radiation dose is increased, the fluxes increase exponentially, but ar remains nearly constant at 0.5 rather than approaching 0.69. This observation implies that the number rather than the size of the diffusion pathways is increased by the higher doses.
Equation (12) may be compared with data on colloid osmotic hemolysis from older as well as the present observations. Leu et al. (11) observed that UV-irradiated cells shrink rather than swell if they are suspended in isotonic sucrose, MgC1 2 , or K 2 SO 4 . Since both sucrose and Mg are relatively nonpenetrating, the principal ion (and water) fluxes are outward. In a medium of K 2 SO 4 , the SO 4 is again relatively non-penetrating, and [Cl] , is almost negligible. Hence the ratio [CI]m/[Cl]c is very small, the term for ion influx in equation (12) is correspondingly small, and dV/dt becomes negative. In other words, in sulfate medium, the membrane potential markedly favors cation efflux over influx, again leading to cell shrinkage. Leu et al. also observed (and we have confirmed) that irradiated cells in KC1 swell more rapidly than cells suspended in NaCl. This is also to be expected from the fact that the rate coefficient for K flux is twice that for Na flux.
More quantitatively, it has been observed previously (12, 13 ) that in the prelytic stages of hemolysis by butyl alcohol or resorcinol, the loss of K was accompanied by a one-for-one gain of Na with no change of cell volume. That this is true for UV hemolysis as well can be seen in Table II and Fig. 6 of this paper. There are several reasons for this apparent Na-K exchange and the associated fact that the cells do not start swelling immediately after irradiation. First, the initially high Na efflux is instrumental in preventing an immediate increase in cell cation content, but since [Na]c is initially small (about 15 per cent of total cell cations) this effect is small. Second, the initial [K] , is approximately equal to [Na],, and the movement of these ions will be predominant. Although the membrane potential favors the influx of cations over their efflux ([Cl]m/[Cl], = 1.4), this effect is more than counterbalanced by the lower rate coefficient for Na relative to K (arT = 0.5). Hence, the initial volume change should, if anything, be a slight shrinkage. A net initial loss of KCI will, however, enhance the membrane potential and with it the Na influx. Moreover, the loss of K to the large extracellular environment and its replacement by Na will rapidly slow the total efflux of cations. The interplay of these factors appears to maintain the cells at or near their initial volume for some time after the radiation injury. Na eventually becomes the predominant cation on both sides of the membrane; the membrane potential is then the principal net driving force, favoring Na influx over efflux, and the cells swell.
At cell volumes approaching the critical hemolytic volume (e.g., V/Vo = 1.6), the quantity of NaCl per cell has greatly increased, the chloride ratio is approaching unity, and the membrane potential has concomitantly decreased. It can be calculated from equation (12) that dV/dt should therefore also be decreasing, whereas in Fig. 6 it is clear that the swelling curve does not fall off significantly at this volume. Davson (4) showed some years ago that swollen cells leak ions at an enhanced rate; hence the flux coefficients at the larger volumes are greater than those determined at normal volumes. Such enhanced fluxes could account for the failure of the swelling curve to fall off as the membrane potential falls off.
For these reasons, the calculated and measured swelling curves were compared at V/V = 1.1, that is, at a volume close to that at which the flux coefficients were determined. As will be noted in Table V , the comparison was made over only a 2]2-fold range of swelling rates. For practical reasons it was convenient to work in this narrow range. It was not necessary in any case to extend the measurements over a wider range. Equation (12) states that cells in isotonic NaCl should swell (and hemolyze) at a rate proportional to the rate constant for K effiux. Since the rates of both lysis and K effiux are proportional to the square of the radiation dose over a wide range of doses (Fig. 2, references 1 and 3) , these rates are proportional to each other. Therefore, if equation (12) describes the rate of cell swelling at any dose, it will hold at other doses as well.
In summary, the hypothesis of colloid osmotic hemolysis states that the injury to the cell permits passive ion movements more rapid than can be handled by the active transport systems. Under the driving force of both concentration and electrical potential gradients, salts and water diffuse isosmotically across the red cell membrane. This hypothesis can be expressed in equation (12) which gives satisfactory quantitative agreement with the observed data.
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